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We demonstrate strong anisotropic spin-orbit interaction (SOI) in graphene induced by monolayer
WS2. Direct comparison between graphene/monolayer WS2 and graphene/bulk WS2 system in
magnetotransport measurements reveals that monolayer transition metal dichalcogenide (TMD)
can induce much stronger SOI than bulk. Detailed theoretical analysis of the weak-antilocalization
curves gives an estimated spin-orbit energy (Eso) more than 10 meV. The symmetry of the induced
SOI is also discussed, and the dominant z ! ¡z symmetric SOI can only explain the experimental
results. Spin relaxation by the Elliot-Yafet (EY) mechanism and anomalous resistance increase with
temperature close to the Dirac point indicates Kane-Mele (KM) SOI induced in graphene.
Spin-orbit interaction (SOI) is a crucial ingredient for
designing new exotic electronic properties of quantum
conductors. Depending on the crystalline symmetry SOI
can have drastic e®ects on the band structure of a trivial
conductor and transform it into a topological insulator
(TI) [1]. More than a decade ago Kane and Mele showed
that graphene could be a model system for the formation
of a 2D TI in the presence of on site (intrinsic) SOI [2, 3].
In this system SOI leads to the quantum spin Hall (QSH)
state with the opening of a spin-orbit (SO) gap around
the K and K 0 points and the formation of chiral spin
polarized topological edge states. However, it was later
determined that realistic SOI in graphene is too small
(24 ¹eV [4]) to realize this intriguing state.
While many methods have been proposed theoreti-
cally and experimentally to enhance SOI of graphene
such as hydrogenation [5, 6] and deposition of heavy
elements [7{10], heterostructures with transition metal
dichalcogenides (TMDs) are particularly interesting [11{
19]. TMDs are two dimensional van der Waals materials
similar to graphene but have intrinsic SOI of the order of
100 meV, much larger than that of graphene [20]. Mono-
layer TMDs have di®erent band structures than those of
bulk, and exhibit unique electrical, optical and mechani-
cal properties [21{23]. However, whereas the theoretical
studies have focused on monolayer TMDs as a source
for SOI, almost all experimental reports have studied on
multilayer TMDs and those on monolayer TMDs are lack-
ing [11{19]. Moreover, direct comparison between mono-
layer and bulk TMDs for the e±cient generation of strong
SOI in graphene remains unexplored, and the nature of
the induced SOI is still unclear [11{13, 16{19].
In this Letter, we demonstrate a striking di®erence
in the capacity of monolayer and bulk WS2 to in-
duce SOI in graphene, and monolayer WS2 can induce
much stronger SOI in graphene than bulk WS2. At
low temperatures magnetotransport measurements dis-
play clear weak-antilocalization (WAL) peaks for both
graphene/monolayer WS2 (G-mono) and graphene/bulk
WS2 (G-bulk) systems, regardless of the carrier type.
For the G-mono system, the magnetoconductance curves
display a large peak at low magnetic ¯elds and remain
remarkably °at at high magnetic ¯elds, and estimated
SOI by theoretical analysis [24] is greater than 10 meV.
This value is an order of magnitude larger than SOI in-
duced in the G-bulk system. We elucide the symmetry
of induced SOI and ¯nd that z ! ¡z symmetric SOI is
much stronger than the asymmetric one. Detailed anal-
ysis on spin relaxation mechanism shows large contribu-
tion from Kane-Mele (KM) SOI to spin relaxation close to
the Dirac point. Anomalous temperature increase of the
resistance between room temperatures and 77 K suggests
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FIG. 1. Data taken from the Mono A. (a) The Schematic
of the G-mono samples. (b) Resistance as a function of the
gate voltage. (c) ¢¾(B) ´ ¾(B) ¡ ¾(0) at three di®erent
temperatures. Without any subtraction the sharp WAL peak
and °at tail are observed, signatures of the strong SOI in-
duced in graphene. The Vg range we average over for these
experimental data is shown in (b) with the black marker.
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FIG. 2. Comparison of the magnetoconductivity curves for G-mono (a) and G-bulk (b) with the best theoretical ¯ts (black solid
curves). (a) ¢¾(B) from Mono A. The inset shows the optical image of the sample with the red dashed outline for graphene.
(b) Magnetoconductivity curve for Bulk B averaged over a similar gate voltage range and similar doping level as that of (a)
(see the left inset). Right inset shows the image of the Bulk B. The scale bar for the two sample images represents 10 ¹m.
an induced spin-orbit gap. These evidences indicate that
not only valley-Zeeman (VZ) but also large Kane-Mele
(KM) type SOI is induced in graphene.
Two di®erent types of heterostructures are prepared
for this study: monolayer WS2/graphene and bulk
WS2/graphene. Graphene is mechanically exfoliated
from natural graphite. Monolayer WS2 °akes are grown
by chemical vapour deposition (CVD) directly on a
silicon substrate, and then transferred onto another
Si/SiO2 substrate to avoid defects induced in the SiO2
layer. Graphene is picked up by polymethyl methacry-
late (PMMA) then deposited onto WS2. Bulk WS2
is prepared by mechanical exfoliation and deposited on
graphene. Conventional electron beam lithography tech-
niques are employed to form electrical contacts (Ti (5
nm)/Au (100 nm)). Several samples are fabricated for
both types, and in this Letter we focus on two samples
for the G-mono type (Mono A and B) and G-bulk type
(Bulk A and B). We note that for all samples the whole
area of graphene is on WS2. Details of the fabrication
are given in the Supplemental Material [25].
We ¯rst show the experimental results of Mono A. The
structure of the samples is schematically illustrated in
Fig. 1(a). Figure 1(b) shows the gate voltage (Vg) de-
pendence of resistance (R). We note that the resistiv-
ity of the WS2 underlayer is much larger than that of
graphene and the charge transport is mostly dominated
by graphene at low temperatures. The mobility of the
present sample is 12000 cm2V¡1s¡1 at 200 mK.
For evaluating the induced SOI in graphene, we employ
magnetotransport measurements with magnetic ¯elds
perpendicular to the graphene plane. Observation of the
regime (weak localization (WL) or weak antilocalization
(WAL)) in magnetotransport measurements reveals the
amplitude of SOI [16{19]. Figure 1(c) shows the quan-
tum conductivity correction (¢¾(B) ´ ¾(B) ¡ ¾(0)) as
a function of a magnetic ¯eld for the electon-doped re-
gion at di®erent temperatures. To suppress the e®ect of
universal conductance °uctuation (UCF), we average 50
curves with di®erent Vg in a 10 V range around a given
Vg. The sample exhibits a clear WAL peak, beyond which
the magnetoconductivity curve is extremely °at even for
higher ¯eld regions. The gradient of ¢¾(B) in the high
¯eld region is determined by the competition between the
WL and WAL e®ect. When ¢¾(B) increases with B in
this region, the WL is dominant while with increasing
WAL the gradient of ¢¾(B) becomes small, and °at in
the case of strong SOI [26]. Therefore, the °at ¢¾(B)
curve in Fig. 1(c) for large B already reveals the strong
SOI induced in graphene by the monolayer WS2. We
¯nd similar shapes with °at tails in a high ¯eld region
for the other gate voltage ranges in the electron-doped
regime. Our results are without any subtractions of the
background signals carried out in [17] to suppress the
gradient of ¢¾(B). To estimate the SOI amplitude, we
¯t the data using the theoretical expression given in [24].
We note that in the temperature range that we explore,
the WAL driven by the pseudospin-orbit coupling is sup-
pressed since the phase coherence time is much longer
than the intervalley scattering time [27]. As pointed out
in other studies [17, 28], in the case with the °at tails in
¢¾(B) for large B it is essential to take into account not
only the small magnetic ¯eld region but also the higher
region to determine the spin-orbit time (¿so) accurately.
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FIG. 3. Comparison of the spin-orbit energy (Eso) esti-
mated from the theoretical ¯tting of both G-mono and G-
bulk. For each type, the data taken from the two samples
with di®erent mobilities (¹) are shown. The mobilities are
12000 cm2V¡1s¡1 (Mono A), 7000 cm2V¡1s¡1 (Mono B),
9000 cm2V¡1s¡1 (Bulk A) and 7000 cm2V¡1s¡1 (Bulk B).
Inset: Fitting parameters obtained for the Mono B. ¿asy is
found to be comparable to ¿Á and much larger than ¿so.
The theoretical expression is [24]
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where F (x) = ln(x) + Ã(1=2 + 1=x), with Ã(x) the
digamma function. ¿¡1so = ¿¡1sym + ¿¡1asy, where sym (asy)
denotes the symmetric (asymmetric) contribution to the
SOI (discussed below in detail). The ¯ts yield three pa-
rameters ¿Á, ¿asy and ¿so. ¿so determines the total ampli-
tude of SOI in the system, and from ¿asy one can evaluate
the symmetry type of SOI.
We here focus on the amplitude of the induced total
SOI (¿so) and discuss the nature of SOI in the later sec-
tion. As shown in Fig. 2(a), the ¯tting reproduces well
the experimental data when ¿so = 0:05 ps. This corre-
sponds to the spin-orbit energy (Eso ´ ~=¿so) equal to
13 meV. This value is much larger than those reported in
previous studies [16, 18, 19]. We note that this value is
smaller than that reported in [15], but they assume the
EY spin relaxation mechanism and use di®erent de¯ni-
tion for spin-orbit energy.
We next turn to the magnetoconductivity of the G-
bulk samples to compare the e±ciency for inducing
stronger SOI in graphene. The experimental data of
¢¾(B) as a function of B exhibit clear WAL peaks as
observed for the G-mono samples (Fig. 2(b)). However,
in contrast to the G-mono samples, even for small mag-
netic ¯elds the magnetoconductivity curve shows a steep
upturn. The theoretical ¯tting based on (1) yields ¿so =
4 ps as a best ¯t, consistent with the previous reports
[15, 16]. This value corresponds to Eso = 170 ¹eV, much
smaller than the estimated value of Eso for the G-mono
samples. In Fig. 3, we compare Eso as a function of Vg
for the two G-mono and G-bulk samples with di®erent
mobilities. Strikingly, there is an order of magnitude dif-
ference in the amplitude of the induced SOI in graphene
between the G-mono and G-bulk samples, and regardless
of the mobilities the G-mono samples show extremely
strong SOI for both electron-doped and hole-doped re-
gion. We note that no background signals are subtracted
from the original data for the electron-doped region of
the sample Mono A and two bulk samples [25]. These
results explicitly demonstrate that monolayers of TMDs
can more e±ciently induce strong SOI in graphene than
the bulk TMDs.
It is signi¯cantly important to elucidate not only the
amplitudes but also the nature of the induced SOI. As
studied in [24], there are two types of SOI with di®er-
ent symmetry in real space which can contribute in our
systems. One is symmetric in the z ! ¡z inversion,
where the z axis is normal to the graphene plane. The
other contribution is asymmetric in the z ! ¡z inver-
sion. As expressed in (1), from the theoretical ¯tting the
two di®erent parameters (¿sym and ¿asy) relevant to each
contribution can be obtained. In Fig. 4, we show the the-
oretical ¯ts with the di®erent Eso for the Mono A sample.
For the best ¯t Eso = 13 meV and Easy = 0.059 meV, in-
dicating that the symmetric SOI strongly dominates the
induced SOI in graphene. In the inset of Fig. 4(a), the
three terms in the equation (1) are visualized for the case
of the best ¯t. This plot reveals that the ¯rst and second
terms play a dominant role for the ¯tting. To reproduce
the experimentally observed sharp peak around B = 0
and °at ¢¾(B) for the higher B region, we ¯nd that ¿asy
comparable to ¿Á and much smaller ¿so are essential. As
shown in Fig. 4(a), increasing ¿so and decreasing ¿asy
gives rise to the upturn of ¢¾(B) for larger B. Due to
the negligible contribution of the third term when ¿so is
extremely small, our estimation of ¿so only gives an upper
bound, and the actual SOI could be even larger.
We also investigate spin relaxation mechanisms of our
systems. In graphene two spin relaxation mechanisms
are possible, the EY and D'yakonov-Perel (DP) mecha-
nism. The two mechanisms can be identi¯ed by di®erent
dependence of ¿so on ¿p: For the EY (DP) mechanism
¿so / ¿p (¿¡1p ). As demonstrated in the previous study
[29], by ¯tting the relation between ¿p and ¿so following
the equation
"2F ¿p
¿so
= ¢2EY +
µ
4¢2DP
~2
¶
"2F ¿
2
p (2)
where ¢EY(DP) is the amplitude of spin-orbit coupling
4due to the EY (DP) mechanism and "F is the Fermi
energy, one can indentify the dominant spin relaxation
mechanism. Figure 4(b) shows the relation between
"2F ¿p=¿so and "
2
F ¿
2
p using the experimental results and
the theoretical ¯ts. The ¯ts for G-mono samples give
¢EY = 20 - 27 meV while ¢DP = 4 - 6 meV. Since ¢EY
is much larger than ¢DP, the EY mechanism is dominant
for spin relaxation in our system particularly close to the
Dirac point, where ¿p is small. Interestingly, the obtained
¢EY is in the same order of magnitude as the value of
Eso given by analysis of WAL. On the other hand, for
G-bulk samples the DP contribution is one order of mag-
nitude smaller than those for G-mono samples (¢DP »
0.7 meV) and the EY contribution is so small that the
extrapolation of (2) becomes even small negative value.
The identi¯cation of the dominant spin relaxation
mechanism provides important information on the na-
ture of the induced SOI. The original theory by Kane
and Mele requires dominant z ! ¡z symmetric SOI [3]
for the QSHE to be realized, and recent theories pre-
dict that in the case of graphene on TMD, symmetric
SOI is further classi¯ed as two di®erent contributions by
di®erent symmetry in sublattice space; KM and valley-
Zeeman (VZ) SOI [12, 13, 30{33]. The KM term is
proportional to the z component of the pseudospin (¾z)
whereas VZ SOI depends on the unit matrix in sublattice
space (¾0). VZ SOI is driven by broken sublattice sym-
metry in graphene, and provides the DP spin relaxation
mechanism [30]. In contrast, symmetric nature of the
KM SOI yields EY spin relaxation [24]. The large EY
spin relaxation close to the Dirac point in our system
thus indicates that the induced SOI has large contribu-
tion from the KM-type SOI. We note that the DP mech-
anism includes two contributions, VZ and Rashba SOI,
and yields anisotropic spin relaxation in highly doped
region [30]. For detailed discussions please see [25].
To obtain other signatures of induced SOI, we mea-
sure temperature dependence of the resistance (R) of
graphene for both G-mono and G-bulk samples between
60 mK and room temperature (RT). Surprisingly, for the
G-mono samples we observe a strong increase of R with
decreasing temperature around the Dirac point. Espe-
cially for Mono A, R increases by a factor of three close
to the Dirac point between RT and 77 K, and saturates
below 77 K (Fig. 4(c)). In contrast, the G-bulk system's
resistance varies by only about 30 % even between RT
and 60 mK. Pristine graphene with mobility comparable
to our samples has been reported to exhibit a weak tem-
perature dependence of resistance [34, 35]. Therefore,
the anomalous increase of R with decreasing tempera-
ture suggests a gap-opening around the Dirac point for
the bulk states and strong interaction between monolayer
WS2 and graphene compared with that from bulk. Inter-
estingly, the ¯tting of the temperature increase between
RT and 77 K based on a simple semiconductor model
gives the energy gap Eg » 16 meV, comparable to the
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FIG. 4. (a) The experimental results and ¯tting curves with
di®erent Eso and Easy for Mono A. Larger Eso and smaller
Easy give a better ¯t. Inset: Three di®erent terms in the
equation (1) as a function of B for the best ¯t. (b) "2F ¿p=¿so
as a function of "2F ¿
2
p for G-mono and G-bulk. Theoretical ¯ts
based on (2) is shown with the solid(dashed) line for Mono
and Bulk A(B). (c) Gate voltage dependence of registance at
di®erent temperatures taken from Mono A.
estimated Eso values. Saturation below 77 K indicates
the existence of a small number of residual conducting
states in the gap. Detailed discussions are given in the
Supplemental Material [25]
Based on these experimental results, strong symmetric
SOI induced in G-mono samples may include large KM-
type component similar to the one proposed by Weeks
[7]. Theoretically, graphene on TMD has spin-orbit po-
tential (¸®I , ®= A or B) induced by TMD di®erent at
sublattice A and B (¸AI 6= ¸BI ) [11, 12, 33]. In contrast,
experimentally, due to the large incommensuratability of
the lattice constants of graphene and WS2, electrons (or
holes) at sublattice A and B feel similar spin-orbit po-
tential averaged over space. This e®ect is stronger in low
doped region (close to the Dirac point) because the Fermi
wave length becomes longer. The averaged spin-orbit po-
tential is preferable to enhance KM SOI rather than VZ
SOI, consistent with the dominant EY spin relaxation
mechanism close to the Dirac point and large tempera-
ture increase. Stronger SOI for G-mono samples than G-
bulk ones can be due to di®erent band structures. Since
graphene's electronic transport is dominated by carriers
5around the K (or K 0) point, monolayer TMDs, which
have a direct band gap at K and K 0 points, may have
stronger interaction with graphene.
In conclusion, we successfully induced strong SOI more
than 10 meV in graphene with monolayer WS2. Direct
comparison with the bulk WS2 system reveals higher ef-
¯ciency of monolayer WS2 to induce much stronger SOI
in graphene. The SOI is dominantly of the symmetric
type, and analysis on spin relaxation mechanism demon-
strates existence of KM SOI which dominates spin re-
laxation around the Dirac point. The strong increase
of the resistance with decreasing temperature for the
graphene/monolayer WS2 samples also supports exis-
tence of KM SOI.
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